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protectionAbstract In this paper, time domain relaying schemes for complete protection of parallel
transmission lines using wavelet and artiﬁcial neural network (ANN) are presented. Four different
ANN networks are designed for detection of the fault, fault section identiﬁcation, classiﬁcation of
fault and location of fault in time domain. The 3rd level approximate discrete wavelet transform
(DWT) coefﬁcients of signals of one end are used as input to ANN network. Proposed method
is tested with varying fault location, inception angle, fault type and fault resistance. The test results
show that the fault is detected and located within 5 ms time accurately. This scheme offers primary
protection as well as backup protection to the lines.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Modern extra high voltage networks require faults to be
detected and cleared rapidly and selectively to improve the
transient stability and maintain reliable power supply. Also
in re-structured power systems where the lines are utilised at
their boundary limits of stability, high speed fault detection
is required. The fundamental objectives of protective relaying
are fault detection, fault direction estimation, fault section
identiﬁcation, fault classiﬁcation and fault location. Distance
relays are based on impedance calculation with operating timeof one cycle. Besides the ﬁrst zone reach setting is 80–85%
only, if fault occurs in far end, the fault would last for long
duration before it is identiﬁed in second zone of protection.
Travelling wave based directional relaying scheme [1,2] is one
of the high speed fault detection techniques but has the inher-
ent disadvantage of unable to solve the zero inception angle
faults near to zero crossing of the voltage waveform. Synchro-
nised phasor measurement techniques using global positioning
system (GPS) are proposed [3,4] which operates faster, but it
depends upon availability communication link. The soft com-
puting technique such as artiﬁcial neural network has been
also applied in directional fault detection in [5,6], but they
do not identify fault type and do not locate the fault. ANN
has been applied for protection of transmission line [7], but
it does not estimate the exact location of fault. In [8,9] ANN
based schemes have been developed, but these ANN based
relays are not directional and also they do not estimate the
fault location.
Wavelet transform based schemes have been proposed in
[10–12] for fault classiﬁcation. Various other soft computing
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[13] and ANN [14–16] have also been proposed. But the
researchers in [13–16] deal with single line section and do not
estimate fault direction and location. Directional protection
schemes based on wavelet transform have also been developed
in [17–19]. However the fault classiﬁcation/phase identiﬁcation
and distance location functions have not been considered in
these papers [17–19]. Another scheme for direction estimation,
fault phase identiﬁcation and location [20] has been proposed
which requires the remote end data also. Thus its reliability
depends upon the availability of the communication link.
In the last two years, various researchers has developed the
transmission line protective relaying schemes using support
vector machines (SVM) [21], adaptive distance relaying [22]
and s-transform based distance relaying [23]. But they
[21–23] do not deal with fault direction estimation. Further
some algorithms [24–26] based on phase angle difference of
sequence component and wavelet analysis of current signals
[27] are reported, but they do not identify the faulty phase
nor do they estimate the fault location. Moreover the reach
setting of one terminal data based schemes is 80–85% only.
Recently authors have proposed ANN based directional relay
[28] using fundamental components of signals with fault detec-
tion time of 10 ms. But this technique does not estimate the
fault location which is required to reduce the down time, to
speed up the power restoration and to enhance the power sys-
tem reliability and availability. Further another paper has been
reported based on ANN for six phase transmission protection
line [29] using fundamental components. But this ANN based
relay is non-directional.
In this paper, a complete protection scheme is presented
which provides all the protective relaying functions i.e. fault
detection, section identiﬁcation (direction), phase identiﬁca-
tion and location estimation. Combined wavelet transform
and ANN based protection scheme is proposed for parallel
transmission lines which provides both primary and backup
protection. Proposed method is not affected by variation in
fault type, fault distance, fault inception angle, and fault
resistance.2. Description of power system under study
Power system under study is represented in Fig. 1. It consists
of 400 kV, 50 Hz transmission line trifurcated into sections 1,
2 and 3 each of 100 km length extending between two sources.
The power system network parameters have been taken fromBUS1 BUS2
100km
Source1
400kV
Load
100kW
100kVAr
100k
RELAY
Section1 Sect
Figure 1 400 kV Three phase pow[28]. The proposed relay is designed to indicate the direction
of fault, thus indicating the absence or presence of a fault in
forward or reverse line section from bus-2. The proposed pro-
tection scheme consists of four ANN modules for detection,
section identiﬁcation, phase identiﬁcation and location estima-
tion in time domain. The output of ﬁrst three ANN modules in
time domain is zero (low) during no-fault situation. However
the moment the fault occurs, and the output(s) of ANN mod-
ules starts changing and reaches to 1 (high) value within
quarter to half cycle time. On the other hand during the no-
fault situation, the output of fault location module in time
domain shows the fault location value as 210 km i.e. outside
the zone of primary and backup protection range (200 km
from the relaying point) and after the instant of fault incep-
tion, it starts decreasing and settles down to the actual fault
location value with reasonable accuracy.
3. Wavelet and ANN based complete protection scheme
Protection scheme designed has four artiﬁcial neural network
modules to detect and identify the section, classify and locate
the faults in time domain. Different steps involved in the
method are described below.
3.1. Pre-processing of signals using discrete wavelet transforms
The wavelet transform has emerged as a very effective tool to
analyse the non-stationary signals such as faulty phase current
and voltage signals. In this study, the signals of both the cir-
cuits are analysed using Daubechies wavelet and decomposed
up to 3 levels of detailed and approximate coefﬁcients using
wavelet analysis toolbox of MATLAB software. DB wavelets
are orthogonal wavelets used for signal discontinuities, and
after many investigations it was found that DB-4 depicts the
pattern of the fault more accurately [30]. Number 4 represents
the number of wavelet coefﬁcient. Decomposition of current
and voltage signals up to level 3 using DB-4 is shown in
Fig. 2(a). After decomposing the signal up to level 3, approx-
imate coefﬁcient of the signal is taken for further analysis. In
this study wavelet coefﬁcient reconstruction technique is used
to get the approximate coefﬁcient signal of the same length
as original signal. In wavelet reconstruction process, zero pad-
ding is used to obtain the original signal as shown in Fig. 2(b).
Feature signals that are obtained after wavelet reconstruction
process are shown in Fig. 3 for both current and voltage sig-
nals during A1G fault at 25 km in section 2 at 60 ms time.Source 2
400kV
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200kW
m 100km
BUS3 BUS4
ion2 Section3
er system network under study.
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Figure 2 (a) Wavelet decomposition and (b) wavelet reconstruction of signal S.
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Figure 3 Preprocessed signals obtained (a) currents of circuit 1, (b) currents of circuit 2 and (c) voltage signals of the circuit during A1G
fault at 25 km in section 2 at 60 ms time.
Time domain complete protection scheme 171Fig. 3(a) and (b) shows the pre-processed approximate wavelet
re-constructed current signals of circuit 1 and circuit 2
respectively. Fig. 3(c) shows the pre-processed approximate
wavelet re-constructed voltage signals. It is clearly observed
that after the inception of fault at 60 ms time the approximate
wavelet re-constructed phase current Ia1 of circuit-1 increases
and voltage reduces. These changes in voltage and current sig-
nals from pre-fault to post fault condition are utilised to detectand identify the fault by proposed ANN based relaying
scheme.
3.2. Algorithm description
The proposed wavelet and ANN based scheme is shown in
Fig. 4 which involves four ANN modules for detection, section
estimation, phase identiﬁcation and fault distance estimation.
Figure 4 Diagrammatic representation of the scheme.
172 A. Swetapadma, A. YadavAll modules work in time domain; thus, the presence of fault
can be determined by their outputs. The steps involved in
the proposed complete protection scheme are discussed in
detail as follows:-
i. A large number of fault cases with varying fault parameters
are simulated usingMATLAB/SIMULINK.Total number
of fault cases simulated can be outlined as follows –Ground
fault cases consist of total {12[(3LG+ 3LLG) * 2circuits]
* 11 (fault locations 0–99 km) * 2(fault inception angles 0
and 90) * 3(resistances 0, 50 and 100 X) * 3(sections 1, 2
& 3)} = 2376 cases and phase faults consist of total {8
[(3LL+ 1LLL) * 2circuits] * 11(fault distances) * 2(incep-
tion angles) * 3(resistances) * 3(sections)} = 1584 cases;
thus, total fault cases studied are 3960.
ii. Signals are recorded sampled at 1 kHz after simulating
the circuit.
iii. The approximate wavelet coefﬁcients of voltage and cur-
rent signals of parallel circuit 1 and 2 in time domain
obtained after pre-processing step are chosen as input
to different ANN modules which are given by (1).XðtÞ ¼ ½Va;Vb;Vc; Ia1; Ib1; Ic1; Ia2; Ib2; Ic2 ð1Þ
iv. The convention followed by the fault detection module
is such that the output with respect to time should be
‘1’ if there is a fault and ‘0’ if it is a no fault case.
v. Fault section identiﬁer module determines the section of
fault which is denoted as S1, S2 and S3 with respect to
time. If fault occurs in section-1 then S1 will be ‘1’ and
S2 and S3 will be ‘0’.
vi. The fault classiﬁcation network classiﬁes the type of fault
which has seven outputs: phases A1, B1, C1, A2, B2, C2
and Ground G. If no fault occurs it goes to step ii.
vii. For fault distance location task, one output representing
fault distance location, in km (L) in time domain is con-
sidered. The location for forward fault is given by +L,
location for reverse fault is given by L and in no fault
situation the output is considered as 210 km (the loca-
tion outside the section 3). Forward fault location is rep-
resented in positive sign and reverse fault is represented
in negative sign. The convention followed by the fault
location module placed in zone 2 for fault location L
(t) in time domain is
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L ¼
L for forward fault at any time t
L for reverse fault at any time t
210 for no fault at any time t
><
>: ð2Þviii. Once the inputs and outputs are decided, next step is to
train the ANN module with suitable number of fault
samples. The post fault 10 samples of reconstructed
approximate wavelet coefﬁcients are extracted from each
fault case. Half-cycle post fault data (10 samples) are not
required for processing during testing phase; instead
they are used only during training/learning phase. The
half cycle post fault data in the form of patterns (data
set) of each fault case studied (total 3960) as given in
step i above are extracted to form an input matrix of size
9 (inputs)  39,600(data set) and some no-fault data
have been given to ANN during training (which is off-
line) to learn the input-output relationship between the
fault and no-fault patterns. Some no fault or pre-fault
samples say around 200 (data set) are also added in
the input matrix to represent different operating condi-
tions. Training matrix size is 39,600 + 200 = 39,800
samples. To train the neural network using supervised
algorithm the target patterns are also required according
to different fault/no fault situations. Thus for detection,
section identiﬁcation, fault phase identiﬁcation and dis-
tance estimation modules the target/output data set
matrix sizes are 1  39,600, 3  39,600, 7  39,600 and
1  39,600 respectively.
ix. The input and output patterns are then normalised using
neural network toolbox of MATLAB.
x. The architecture of different ANN modules for
detection, section identiﬁcation, phase identiﬁcation
and distance estimation is selected on a heuristic
approach.
a. Tan-sig activation function is used in the hidden
layer and output layer.
b. Through a series of trials and modiﬁcations of the
ANN architecture, the best performance is achieved
with two hidden layer networks with 9 inputs, differ-
ent number of neurons in the two hidden layers and
1/3/7/1 neurons in output layer of fault detection,
section identiﬁcation, and classiﬁcation and location
modules respectively. The ANN architecture is 9-10-
10-1, 9-20-20-3, 9-20-20-7, and 9-30-30-1 for fault
detection, section identiﬁcation, and classiﬁcation
and location modules respectively.
c. The LM algorithm is used for training ANNs. The
mean squared error (mse) goal set to 1.0e06.xi. Testing the trained artiﬁcial neural networks for differ-
ent fault situations by applying inputs patterns of indi-
vidual test fault case in time domain is shown in Fig. 4.
xii. First the fault is detected by testing against trained
ANN1 for fault detection and its section is identiﬁed
by testing against ANN2 for fault section identiﬁcation,
to ﬁnd whether the fault is in primary section of relay or
not. If the fault is in primary section (section-2), imme-
diately send trip signal to the circuit breaker of section-2
and then identify the faulty phases by testing against
ANN3 for fault classiﬁcation. Finally estimate the loca-
tion of fault by testing against ANN4 for fault location
estimation. If fault is in section 1 or section 3 and if theirprimary relay does not operate then the proposed relay
can provide backup protection by proving trip signal
after some delay.
4. Performance evaluation
The performance of proposed complete protection scheme
which involves ANN based fault detection, zone identiﬁcation,
fault classiﬁcation and fault location networks is required to be
checked for different fault situations other than that has been
used during training. All modules are operated in parallel in
time domain. As per convention any protective relay offers pri-
mary and backup protection features. In primary protection
operation, the combined wavelet and ANN based relay is
tested and operation time is calculated for different types of
fault occurring at far end from the relay location, near end
faults, inception angle, and resistances. Further the relay oper-
ation time for faults occurring in adjacent forward or reverse
line section has been evaluated in backup protection operation
category also.
4.1. Primary protection operation
The proposed relay has been tested for around 14,500 test fault
cases involving symmetrical (LLL) and unsymmetrical faults
(LG, LL, LLG) at 60 different locations in section-2 involving
close-in or near end faults (0.1–1 km), far end faults (91–
99 km) with varying fault resistance (0 O, 50 O & 100 O) and
fault inception angles (0, 45, 90, 135, 180, 225, 270
and 360). Fig. 5 depicts a quantitative analysis of percentage
of correct answers obtained in fault detection, section identiﬁ-
cation, and classiﬁcation and location modules with respect to
relay operation time in case of primary protection operation.
To check the overall performance of the proposed technique,
percentage of accuracy of fault detection, section identiﬁca-
tion, and classiﬁcation modules are calculated as deﬁned in
(3) respectively:
Accuracy ¼ ðTotal number of test cases detected correctlyÞðTotal number of test casesÞ
ð3Þ
From the test results, the accuracy of different modules dur-
ing primary protection operation is found to be 99.9%, 99.7%,
99.6 for fault detection, section identiﬁcation, and classiﬁcation
respectively. Once the training is completed, ANN based mod-
ules are connected online to respond for an individual fault case
data set and each ANN module gives parallel output with
respect to time as per sampling frequency. The modules detect
the changes in the input patterns from the no-fault patterns and
detect faults in 10 ms time. The relay operation time for fault
detection module is within quarter cycle time (i.e. 5 ms) for
97.7% cases and for 2.301% cases it is 7 ms within half cycle
time (i.e. 10 ms) as shown in Fig. 5. The relay operation time
for fault section identiﬁcation module is within 5 ms for
98.2% cases and for 1.725% cases it is within 6 ms. In fault
classiﬁcation module the relay operation time is within 5 ms
for 96% cases while it is 7 ms in 4% cases. In case of fault loca-
tion module, the relay operation time is within 5 ms for 98.33%
test cases except for 1.67% test cases it is 6 ms.
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Figure 5 Quantitative analysis of percentage cases in fault detection, section identiﬁcation, classiﬁcation and location modules with
respect to relay operation time in case of primary protection operation.
174 A. Swetapadma, A. Yadav4.1.1. Performance during close-in faults
When a fault occurs near to the relay or sending end bus, the
available post fault voltage to the relay becomes very low
which results in un-reliable performance of conventional direc-
tional relay. The proposed scheme uses wavelet coefﬁcient of
both voltage and current signals; thus, the scheme is not
affected by close-in faults situation. This has been veriﬁed by
testing various close-in double lines to ground faults having
fault location ranging from 0.1 km to 1.0 km with step of
0.1 km. In order to evaluate the relay operation type, a
A1B1G fault is created at 0.1 km with Rf = 0 O, Ui = 0,
ti = 40 ms. The test results of proposed ANN based (a) Fault
detection, (b) Section Identiﬁcation, (c) Fault classiﬁcation and
(d) Fault location modules in time domain for close-in or near
end fault case are shown graphically in Fig. 6(a)–(d)
respectively.
Here we observe from Fig. 6(a)–(d) that every output is ‘0’
up to 40 ms time, depicted that the system is in healthy state.
The output of fault detection with respect to time is shown
in Fig. 6(a) which starts changing from low (0) value after
40 ms and becomes high (1) at 43 ms time and remains high
consistently throughout the simulation time (200 ms). The
relay operation time can be calculated by subtracting these
two time (43–40) ms = 3 ms (less than quarter cycle time
5 ms). Further Fig. 6(b) shows the three dimensional plot of
outputs of section estimator with respect to time in x axis
and three outputs S1, S2, and S3 in y axis and level of output
(0–1) in z axis. As the fault is in section-2, the output ‘‘S-2”
becomes high after 43.78 ms. Fault classiﬁcation outputs are
shown in Fig. 6(c) which is also a three dimensional plot, all
seven outputs in y axis are low (0) (level of output is repre-
sented in z axis) before the fault inception time 40 ms (x axis),
and after that phase ‘‘A1”, ‘‘B1” and ground ‘‘G” go high (1)
at 44.78 ms. Fault is classiﬁed as A1B1G fault and faulty
phases are A1 and B1 of ckt-1. Fig. 6(d) shows the location
of fault as the output ‘‘L” of ANN based fault locator FL-2
with respect to time. Before the inception of fault at 40 ms,
the fault location output is 210 km (showing that there is no
fault or fault is outside the line section). After the occurrence
of fault at 40 ms the location output starts decreasing and set-
tles down to 0.09155 km fault location value at 43 ms time.Thus the fault has been detected; section is identiﬁed, classiﬁed
and located within quarter cycle time (5 ms).
4.1.2. Performance during far end faults
If a fault occurs near to remote end bus-3 in line section-2, the
relaying algorithms fail to detect the fault in its ﬁrst zone of
protection and also could not identify the fault direction. This
is owing to insufﬁcient fault current and very less change in
voltage measured at the relaying point at bus-2 as compared
to normal loading condition. The problem is compounded if
the fault loop involves high fault resistance. In order to check
the performance and reach setting different locations between
91 and 99 km from the relaying point bus-2 with increment of
1 km have been studied and test results are shown in Table 1.
The far end fault case with high fault resistance is studied to
evaluate the relay operation time. A A1C1 is created at 99 km
with Rf = 100 O, Ui = 0, ti = 40 ms. Test results of fault
detector, section estimator, fault classiﬁer and fault locator
are shown graphically in Fig. 7(a–d). Here we observe from
Fig. 7(a)–(d) that outputs are ‘0’ up to 40 ms. After 43 ms,
the output of fault detector becomes high (1), output S2 of
fault section estimator becomes high at 43.78 ms, faulty phase
‘‘A1” and ‘‘C1” becomes ‘1’ at 47.77 ms and output of fault
locator settles to the location of 99 km at 43 ms time. Thus
the fault has been detected; section is identiﬁed and located
in quarter cycle time and classiﬁed within half cycle time.
4.1.3. Performance varying inception angle
The relaying scheme is checked varying inception angles 0,
45, 90, 135, 180, 225, 270 & 360. As all the tasks are per-
formed in time domain; inception angle variation do not have
any effect in proposed protection scheme, fault detection time
is under 5 ms for all the tested fault cases with variation of
inception angle.
4.1.4. Performance varying fault resistances
The proposed scheme is tested for varying fault resistances
between 0 and 100 O. Some of the test results of varying fault
resistance that are not given in training are shown in Table 1.
Fault detection time and section identiﬁcation time are
calculated as shown in Table 1. Performance of fault detection,
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Figure 6 Test result of (a) fault detection, (b) section Identiﬁcation, (c) fault classiﬁcation and (d) fault location modules in time domain
during A1B1G fault at 0.1 km with Rf = 0 O, Ui = 0, ti = 40 ms.
Table 1 Test results for varying fault resistance.
Fault resistance
(O)
Fault
type
Fault location
(km)
Fault detection time
(ms)
Section identiﬁcation time
(ms)
Predicted location
(km)
%
Error
1 A2B2C2 1 3 4 0.945 0.055
5 A2B2 11 3 5 10.894 0.106
10 B2C2 21 5 5 21.386 0.386
15 A2G 31 4 4 31.396 0.396
25 B2G 41 4 3 40.045 0.955
35 C2G 51 5 3 50.594 0.406
45 A2B2G 61 3 4 61.459 0.459
55 B2C2G 71 4 3 71.892 0.892
65 C2A2G 81 4 5 81.334 0.334
75 A1G 91 3 3 90.079 0.921
85 B1G 95 5 5 95.178 0.178
95 C1G 99 4 5 98.736 0.264
Time domain complete protection scheme 175section identiﬁcation, and classiﬁcation and location modules
in time domain is checked and it is observed that fault has been
correctly detected by all the modules within quarter cycle time.
4.1.5. Performance during load change
The proposed method for all the four protection tasks in pri-
mary section-2 is tested by placing the loads of 100 kW and
100 kVAR at bus 2 and bus 3. When there is no fault in the
system, output of fault detection module shows ‘0’ indicating
there is no fault. During faulty situations in primary section-
2, the proposed scheme detects the faults correctly and identi-
ﬁes the fault type and its section correctly and test results offew fault cases are given in Table 2. Fault locations are then
estimated for different fault cases. From Table 2, it can be
observed that proposed method is not affected by load change.
4.1.6. Performance for switching test case
The performance of the proposed scheme is evaluated for
switching test case for example switching of single circuit at
busbar 3 and load switching at this busbar. As both the condi-
tions belong to no-fault conditions, the proposed scheme must
restrain in these situations i.e. fault detection module should
show ‘‘0” output, predicting that it is no fault conditions. In
order to test the proposed scheme, consider that initially the
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Figure 7 Test result of (a) fault detection, (b) section identiﬁcation, (c) fault classiﬁcation and (d) fault location modules in time domain
during A1C1 fault in section-2 at 99 km from bus-2 with Rf = 100 O, Ui = 0 (ti = 40 ms).
Table 2 Test results of load change.
Loads Fault type Fault location (km) Fault detection time (ms) Predicted location (km) %Error
At Bus 2 A1G 5 5 4.285 0.715
B1G 25 5 24.897 0.103
C1G 45 3 44.985 0.015
A1B1G 65 5 65.347 0.347
B1C1G 85 5 85.289 0.289
C1A1G 95 4 94.786 0.214
At Bus 3 A1G 5 4 5.694 0.694
B1G 25 5 25.384 0.384
C1G 45 3 44.794 0.206
A1B1G 65 5 64.238 0.762
B1C1G 85 5 84.679 0.321
C1A1G 95 4 95.987 0.987
176 A. Swetapadma, A. Yadavcircuit-2 is not in service and suddenly at 60 ms time at busbar
3 circuit-2 has been switched in; the test result of fault detec-
tion module in this case is shown in Fig. 8. Similarly a
100 kW and 100 kVAR load is switched into the system at bus-
bar 3 at 60 ms time and test result is depicted in Fig. 9. The test
results conﬁrm the suitability of the proposed scheme during
load switching or switching of single circuit.
4.1.7. Performance during single circuit operation of double
circuit line
Proposed method is also tested when the transmission system
is in a single circuit operation mode and the other circuit is
grounded at the section ends. For example circuit-2 is open cir-
cuited and an A1G fault has occurred in circuit-1 at 99 kmfrom bus-2. Some of the test results during single circuit oper-
ation and fault in other healthy circuit depicting the relay oper-
ation time are also shown in Table 3, and it can be concluded
that the fault is detected within quarter cycle time in each case.
4.1.8. Performance during inter-circuit faults
Inter-circuit faults occur in multi-circuit transmission lines
involving phases from different circuits. Inter-circuit faults
are generally two types, earthed inter-circuit faults (A1B2G,
A1C2G, B1A2G, B1C2G, C1A2G and C1B2G) and unearthed
inter-circuit faults (A1B2, A1C2, B1A2, B1C2, C1A2 and
C1B2). Inter-circuit B1A2G fault case in section-2 at 70 km
from bus-2 with Rf = 0.001 O, Ui = 0, ti = 80 ms is studied
to evaluate the relay operation time of ANN modules of the
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Figure 8 During switching of circuit-2 at ti = 60 ms (a) three phase currents of circuit 1, (b) three phase currents of circuit 2, (c) three
phase voltage and (d) test result of ANN based Fault detection.
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Figure 9 Test result of switching of circuit 2 at ti = 60 ms (a) three phase currents of circuit 1, (b) three phase currents of circuit 2, (c)
three phase voltage and (d) fault detection output.
Time domain complete protection scheme 177proposed scheme. Test results of fault detector, fault Classiﬁer
and fault locator are shown graphically in Fig. 10(a–c). All the
outputs of Fig. 10(a and b) are ‘0’ up to 80 ms time. Fig. 10(a)
shows that the output of fault detector becomes high (1) at
84 ms time depicting that fault has occurred in the system.Faulty phases ‘‘B1” and ‘‘A2” and ground ‘‘G” become high
(1) showing that there is B1A2G inter-circuit fault. Output
of fault locator settles to the location of 70 km at 84 ms time.
Thus the inter-circuit fault is correctly identiﬁed and located by
the proposed scheme.
Table 3 Test results of proposed scheme during single circuit
operation and AG fault in other healthy circuit.
Circuit
open
Fault
in
circuit
Fault
location
(km)
Relay
operation
time (ms)
Predicted
location
(km)
%
Error
1 2 0.1 4 0.467 0.367
2 1 0.1 3 0.356 0.256
1 2 1 4 1.289 0.289
2 1 1 3 0.957 0.043
1 2 55 4 54.932 0.068
2 1 55 3 54.607 0.393
1 2 99 4 99.385 0.385
2 1 99 5 98.032 0.968
178 A. Swetapadma, A. Yadav4.2. Backup protection operation
Any protective relaying scheme provides two functions: pri-
mary protection and the backup protection. The relaying
scheme is tested for faults occurring in the adjacent forward
line section-3 (forward faults) and adjacent reverse line
section-1 (reverse faults) also. A quantitative analysis of per-
centage of correct answers obtained in fault detection, section
identiﬁcation, and classiﬁcation and location modules with
respect to relay operation time is done as shown in Fig. 11.
The proposed relay has been tested for around 10,000 test fault
cases of forward and reverse faults during backup protection
involving 10 fault type (LLL, LG, LL, LLG) at 12 different
locations (0.1–99 km) in the 2 sections (section-1 and section-
3) with 3 fault resistance (0, 50 & 100) and 9 fault inception
angles (0, 45, 90, 135, 180, 225, 270,315 & 360), total
10,080 = [(10  12  2  3  9 = 6480) + 3600 cases of20 40 60 80 100 120 140 160 180 200
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Figure 10 Test result of inter-circuit fault for (a) fault detection, (b)
during B1A2G fault in section-2 at 70 km from bus-2 with Rf = 0 O,other voltage level]. From the test results, the percentage of
accuracy of different modules during backup protection oper-
ation calculated using (7) is found to be 99.8%, 99.6%, 99.5%
and 99.3% for detection, section estimation, phase identiﬁca-
tion and distance estimation modules respectively.
The relay operation time during backup protection opera-
tion for fault detection module is within quarter cycle time
(i.e. 5 ms) for 97.23% cases and for 2.77% cases it is 6 ms
within half cycle time (i.e. 10 ms) as shown in Fig. 11. The
relay operation time for fault section identiﬁcation module is
within 5 ms for 96.963% cases and for 3.037% cases it is within
6 ms. In fault classiﬁcation module the relay operation time is
within 5 ms for 85.293% cases while in 14.707% cases it is
7 ms. Lastly the Fault location module correctly locates all
the fault cases within quarter cycle time. Also the relaying
scheme during different forward and reverse fault situations
is discussed in the sub-sections in detail.
4.2.1. Performance during forward faults
The scheme is tested with different types of faults in forward
line section-3 at different locations ranging from 100.1 to
199 km from bus-2. To check the selectivity feature of scheme,
a three phase fault A2B2C2 is created in ckt-2 just after the
remote bus-3 at 100.1 km from bus-2 (relay location) or at
0.1 km from bus-3 at 40 ms time and test result is depicted
graphically in Fig. 12(a–d) to evaluate the relay operation
time. Fig. 12(a) shows the output of fault detection module
which is low (0) up to 40 ms. The output of fault detection
becomes ‘1’ at 43 ms time. Output S3 of section estimator
becomes ‘1’ at 43.78 ms time as shown in Fig. 12(b) and shows
fault in section-3. The outputs of fault classiﬁcation network
are shown in Fig. 12(c) which are low (0) before 40 ms, and
after that phases A2, B2 and C2 become ‘1’ at 43.78 ms time.
Fig. 12(d) shows the output of fault locator which settles to
100.1 km fault location value at 43 ms time.50
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Figure 11 Quantitative analysis of percentage of correct answers obtained in fault detection, section identiﬁcation, and classiﬁcation and
location modules with respect to relay operation time in case of backup protection operation.
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Figure 12 Output of (a) fault detection, (b) section identiﬁcation, (c) fault classiﬁcation and (d) fault location modules in time domain
during A2B2C2 fault at 100.1 km with Rf = 0 O, Ui = 0, ti = 40 ms.
Time domain complete protection scheme 1794.2.2. Performance during reverse faults
The reach setting of conventional scheme is usually set to 80–
85% only in order to avoid mal-operation of relay for adjacent
forward or reverse faults. Proposed scheme has been tested for
faults in different locations in section-1 ranging from 0.1 to
99 km from bus-2. The fault location is shown negative as
these are reverse faults. The test result of fault detection, sec-
tion identiﬁcation, and classiﬁcation and location modulesduring a reverse fault located at 0.1 km from bus-2 is shown
in Fig. 13(a–d). Output of fault detection becomes high at
44 ms time as shown in Fig. 13(a) and Output S1 of section
estimator becomes high at 44.78 ms time as shown in Fig. 13
(b). The outputs B1 and G of classiﬁcation module as shown
in Fig. 13(c) become ‘1’ at 46.77 ms. Fig. 13(d) shows the out-
put of fault locator which settles to 0.2181 km fault location
value at 43 ms time.
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Figure 13 Test result of (a) fault detection, (b) section identiﬁcation, (c) fault classiﬁcation and (d) fault location modules in time domain
during B1G fault in section-1 at 0.1 km from bus-2 with Rf = 0 O, Ui = 0, ti = 40 ms.
Table 4 Percentage Error in location of fault during Primary and Backup protection operation.
Fault section Fault type Fault location (km) Predicted location (km) %Error
Reverse faults (Section 1) A1G 0.1 0.2181 0.1181
B1G 7 7.0140 0.0140
C1G 17 17.0736 0.0736
A2G 37 36.9764 0.0236
B2G 47 47.1493 0.1492
C2G 57 57.0303 0.0303
B1G 77 76.3025 0.6975
C1G 87 87.3592 0.3591
A2G 97 96.9994 0.0006
B2G 99 98.7867 0.2132
Primary faults (Section 2) A1G 0.1 0.0915 0.0085
B1G 3 2.9720 0.0279
C1G 13 12.9207 0.0792
B2G 33 32.9560 0.0439
C2G 63 62.7596 0.2403
A2G 73 72.8405 0.1594
B1G 83 83.1956 0.1956
C1G 93 92.8989 0.1010
A1G 99 99.0009 0.0009
Forward faults (Section 3) A1G 100.1 100.8042 0.3521
B1G 103 103.0694 0.0346
C1G 113 113.1378 0.0688
B2G 133 133.1357 0.0678
C2G 163 163.1368 0.0684
B2G 183 183.0426 0.0213
C1G 193 193.0977 0.0488
A1G 199 198.6000 0.2000
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Table 5 Comparison of different relaying schemes.
Schemes
suggested
by
Techniques Relay operation time (ROT) (ms) Average
ROT (ms)
Reach
setting (RS)
in % of line
length
%
Accuracy
(case
studies)
FD FSI FC FL%
Error
Jiang et al.
[4]
Using two terminal Synchronised phasors
measurements
5.208 5.208 5.208 60 5.063 95% 100% (462
cases)%Error
1%
Valsan and
Swarup
[20]
Using two terminal data of 1st level high
frequency details of V & I signals of 500–
1000 Hz
6 6 Oﬄine Oﬄine 6 100% 90.61–
100%
(3520
cases)
%Error 3–
6%
Coury
et al. [7]
Using single terminal Three phase V & I signals
as input to ANN
2–4 2–4 4–12 8–17 13 95% 98% (4050
cases)
Jena and
Premlata
[24]
Using single terminal data of Positive sequence
components of V & I phase angles applied to
Fuzzy approach
8 8 Not
done
Not done 8 84.2% Not
mentioned
(26 cases)
Jena and
Pradhan
[26]
Using single terminal data of phase angle
between +ve and ve sequence components of
V & I applied as input to Four classiﬁer
1–7 1–7 Not
done
Not done Not
mentioned
90% Not
mentioned
(13 cases)
Perera and
Rajapakse
[27]
Using single terminal data of Angle diﬀerence of
fault and pre-fault negative sequence current
20 20 Not
done
Not done Not
mentioned
78.57% 100% (288
cases)
Proposed
scheme
Using single terminal data of 3rd level re-
constructed approximate DWT coeﬃcients of V
& I signals as input to ANN
5 5 5–7 5–8 5 99% 99.96–
100%
%Error
Min
0.0006%
Max.
0.6975%
(24,500
cases)
Time domain complete protection scheme 1814.3. Analysis of percentage error in distance estimation
Percentage error in location is estimated by combined wavelet
and ANN based fault locator is calculated using the formula
(4) where line length is 100 km of each section. The actual fault
location is varied widely from near end fault at 0.1 km to far
end fault at 99 km in each section, and it is shown in Table 1.%Error ¼ Actual Location Estimated Location
Line length
 
 100
ð4Þ
Fault location estimated by the proposed scheme and per-
centage error obtained during primary (during faults in line
section 1) and backup protection operation (during faults in
adjacent forward or reverse line section 1 or 3) are shown in
Table 4. Actual fault location from bus-2 is widely varied
between 0.1 and 99 km for reverse faults (section-1), 0.1–
99 km for primary section-2 faults and 100.1–199 km for for-
ward faults (section-3). The negative sign in fault location
shows fault in reverse section. In order to check the selectivity
feature of scheme, a forward fault is created at 100.1 km from
bus-2 or 0.1 km from bus-3, and the estimated fault location
output of fault location module is 100.802 km with
0.3521% error. Similarly a reverse fault at 0.1 km frombus-2 or 99.9 km from bus-1 is created to test the proposed
scheme which gives the output estimated location as
0.2181 km with 0.1181% error.
5. Comparison with some other directional relaying schemes
The test result shows the suitability of the scheme for detec-
tion, section estimation, phase identiﬁcation and fault distance
estimation under wide varieties of the operating and fault con-
ditions. The wavelet and ANN based proposed scheme is
compared with few other directional relaying schemes
[4,9,20,24,26,27] in Table 5 in terms of technique used, relay
operation time (ROT), average ROT, reach setting, % accu-
racy and number of case studies. It can be seen that the earlier
reported schemes which use two terminal data [4,20] have the
reach setting of 95–100% and the techniques using single ter-
minal data [7,24,26,27] has the reach setting between 80%
and 95% only. The reliability of schemes using two terminal
data is dependent on availability of communication link. On
the contrary the proposed scheme uses only one terminal data
with the reach setting of 99%. It is to mention here that all the
four functions of protective relaying schemes have been imple-
mented in the proposed work. On the other hand schemes
[24,26,27] developed for series compensated lines only detect
the fault and its section (fault direction estimation only) within
182 A. Swetapadma, A. Yadavhalf to one cycle time, but fault classiﬁcation and location esti-
mation have not been implemented in these works. Schemes
[4,7,20] which provide all functions of protective relaying i.e.
fault detection, section identiﬁcation, and classiﬁcation and
location are also compared with the proposed scheme in terms
of relay operation time, average response time, reach setting
and % accuracy.
It is clear from Table 5 that, the fault detection time of pro-
posed complete scheme is less than quarter cycle as compared
to others. The absolute %error in fault location estimation is
minimum 0.0006% to maximum 0.6975% as compared to
1% by [4] and 3–6% by [20]. The ANN based scheme is better
in terms of (a) Reach setting up to 99% of line length in both
primary and backup protection operations utilising single ter-
minal data, (b) detection time of less than 5 ms, (c) high accu-
racy, (d) large number of fault case studies and (e) backup
protection which is possible.6. Conclusions
A protective relaying scheme based on combined DWT and
ANN is presented in this work with reach setting up to
99% in both primary and backup protection operations.
Four different ANN networks have been developed for detec-
tion, section estimation, phase identiﬁcation and distance esti-
mation in time domain. The average response time of quarter
cycle has been achieved varying fault type, location, inception
angle and resistance. The method is compared with other
directional relaying scheme and this scheme has an edge over
other schemes as it uses only single terminal data to provide
primary and backup protection to 99% of the line length
within quarter cycle time. Complete protective relaying func-
tions of detection, section estimation, phase identiﬁcation and
distance estimation have been implemented in this work with
high accuracy and much lesser% error in fault location
estimation.References
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